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WBK (Wire-woven Bulk Kagome)In this study, two variations of WBC (Wire-woven Bulk Cross), named semi-WBC and straight-WBC, are
introduced. In the variations, helically formed wires in an ordinary WBC are partly or totally replaced
with straight wires to obtain higher shear strength and modulus, and the fabrication processes are
modiﬁed to enhance productivity. Analytic solutions of the relative density, shear strength and modulus
for the three variations of WBCs including the ordinary WBC with X-orientation are derived. And CAD
modeling, shear tests and FEA were performed to prove the analytic solutions. The effects of the curviness
of the struts loaded or ﬂoating between face sheets, and the offset at the joints are evaluated. The semi-
and straight WBCs had equivalent shear strengths and moduli comparable to those of typical aluminum
honeycombs, and all the three variations of WBCs maintained their strengths at low densities down to 1%.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Recently, periodic cellular metals (PCM) have drawn attention
because of their high strength and stiffness for a given weight.
The truss PCM is a clear example. The high strength of truss PCMs
is derived from the regular structure composed of straight struts
which leads their strength ‘stretching-dominated’ rather than
‘bending-dominate’ as stochastic foams are (Deshpande et al.,
2001). Furthermore, due to their open architecture, truss PCMs
can be used for multi-functions such as heat transfer (Tian et al.,
2004; Wadley, 2006), catalyst support (Choi et al., 2009), and even
actuation (Lucato et al., 2004) as well as load-bearing. Truss PCMs
can be fabricated by investment casting (Chiras et al., 2002), crim-
pling of perforated sheets (Sypeck and Wadley, 2002; Wadley,
2006) or crimpling of expanded metal (Wadley et al., 2003; Zok
et al., 2004; Lim et al., 2009). For engineering applications such
as sandwich cores, multi-layered truss PCMs with ﬁne cells are
preferred because of their enhanced material homogeneity, resis-
tance against face sheet buckling, and vibration suppression capa-
bility. However, most fabrication techniques are not suitable for
multi-layered truss PCMs with ﬁne cells. Therefore, they are fabri-
cated by merely stacking up multiple single-layered PCMs.
Wire-woven metals are a kind of PCMs with truss-like struc-
tures composed of wires. In fact, wires have several merits as
raw materials in the fabrication of PCMs. Namely, wires providehigh strength without defects, can be produced at low cost, and
can be handled easily during the fabrication process. Textile core
(Sypeck and Wadley, 2001), WBK (Wire-woven Bulk Kagome)
(Lee et al., 2007), Strucwire (Kieselstein et al., 2009), WBD (Wire-
woven Bulk Diamond) (Lee et al., 2012), and WBC (Wire-woven
Bulk Cross) (Lee et al., 2013a) are the representative wire-woven
metals that have been introduced over the past decade. Except
for the textile core, all the wire-woven metals are inherently
multi-layered and assembled with helically formed wires. Conse-
quently, the struts are curved so as to assemble into truss-like
structures. Fig. 1(a)–(d) shows the conﬁgurations of WBK, Struc-
wire, WBD, and WBC, respectively. In the ﬁgures, one of the helical
wires composing each structure is highlighted with red-color to
show curviness of the wires, which result in the curved struts in
the truss-like structures of the wire-woven metals. Studies of the
mechanical properties of the wire-woven metals have revealed
that the curved struts of the structures substantially degrade the
strength and stiffness of the wire-woven metals (Lee et al.,
2013a,b). This means that the strengths of the wire-woven metals
with the more curved struts are more likely to be ‘‘bending-
dominate’’ than ‘‘stretching-dominate’’ as a typical truss PCM is
to be. The curviness of the struts in each wire-woven metal is
determined from the helical radius of the wires used to fabricate
it. The minimum helical radii, Rh, of the wires are ranked in order
of WBC, WBK, WBD, and Strucwire as follows;
Rh ¼ 0:5d < 0:577d < 0:707d < c; respectively: ð1Þ
Fig. 2. Conﬁgurations of the textile core and a collinear core (Queheillalt et al.,
2007).
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respectively. Hence, WBC is expected to have the least strength
degradation due to the smallest helical radius.
On the other hand, the textile core is fabricated by simply stack-
ing multiple plain-woven meshes. The textile core, which is not
inherently multi-layered, is easy to fabricate with traditional tex-
tile technology, not requiring the development of a new weaving
process. The structure is composed of struts curved in a 2D wavy
pattern, and the eccentricity due to the curved struts is 0.5d, which
is as small as that of WBC. According to Queheillalt et al. (2007),
the curved struts result in about 20% reduction in the stiffness
and strength of the textile cores compared to the corresponding
collinear cores composed of straight struts. Fig. 2(a) and (b) depict
the textile core and collinear core. Textile cores have additional
disadvantages. First of all, they have severe material anisotropy;
that is, a textile core is loose on the woven plane, but dense in
the stacking direction. Consequently, a textile core with a low den-
sity has to have thin and long struts, which makes it vulnerable
against elastic buckling of struts. Hence, a practical lower limit of
relative density is around qrel ¼ 0:07, which is higher than that of
aluminum honeycombs most commonly used for light sandwich
panels in typical aerospace applications, i.e., qrel ¼ 0:01—0:05
(Bitzer, 1997).
In fact, WBC is the result of our efforts to improve the textile
core in two respects. First, one pitch of wires in WBC is intersected
four times by other wires; twice in one vertical direction and twice
in the other vertical direction, while the wires in the textile core
are intersected only twice per pitch. Consequently, WBC has higher
resistance against the elastic buckling of struts than in textile
cores. Second, WBC has the same structure in three orthogonal
directions. Hence, its structure is loose in all three orthogonal
directions, so its material anisotropy is relatively low. The details
of the geometry are given in the authors’ preliminary study (Lee
et al., 2013a), which revealed that its strength under compression
is maintained down to the relative density of qrel ¼ 0:01, owing to
these two features. This means that WBC can be a good replace-
ment of metallic honeycombs. The open cell structure of WBC
can provide additional function as well as load-bearing. Note that
the mechanical properties that are important for core materials
of sandwich panels subjected to bending loads are shear strength
and stiffness rather than compressive strength and stiffness.Fig. 1. Conﬁgurations of WBK, Strucwire, WBD, and WBC, in each of which one of the h
interpretation of the references to color in this ﬁgure legend, the reader is referred to thThe previous study (Lee and Kang, 2014) investigated the
strength and modulus of WBC in two different orientations under
shear load according to the slenderness ratio of the struts compos-
ing the structure. In WBC of X-orientation (the wires in two of the
three orthogonal directions were at 45 with the top and bottom
face sheets, and the wires in the other one direction were parallel
to the face sheets), the resistance of the struts against axial elastic
buckling was relatively high. Consequently, the lower limit of the
relative density at which WBC resists shear loading could be aselical wires is highlighted with red-color to show the curviness of the wires. (For
e web version of this article.)
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weight were much higher than those of the other two wire-woven
metals, i.e., WBK and WBD regardless of the orientation, unless the
brazed joints broke at high relative density. On the other hand, in
WBC of T-orientation (the wires in one direction were arranged
perpendicularly to the top and bottom face sheets, and the wires
in the other two directions were parallel to the face sheets) under
shear load, the struts were subjected to bending. Consequently, the
shear strength and modulus for a given weight were very low.
In this study, two variations of WBC, named semi-WBC and
straight-WBC are introduced. In the variations, the helically formed
wires in an ordinary WBC are partly or totally replaced with
straight wires to obtain higher shear strength and modulus, and
the fabrication processes are modiﬁed to enhance productivity.
And the strengths and moduli of the three variations of WBCs
including the ordinary WBCs with X-orientation under shear load-
ing are investigated by theory, experiments, and FEA. The effects of
curviness of the struts loaded or ﬂoating between face sheets, and
the offset at joints are evaluated. And the beneﬁts, demerits, and
feasibility for practical applications of the three variations of WBCs
are discussed.
2. Geometry and analytic solutions
Fig. 3(a)–(c) depict the conﬁgurations of ordinary WBC, semi-
WBC, and straight WBC, respectively, in X-orientation with solid
sheets attached on the upper and lower faces, and show enlarged
images of their respective unit cells. While the ordinary WBC is
composed of helical wires with a constant helical radius, Rh = 0.5
d, in all the three orthogonal directions, the semi-WBC is composed
of straight wires in the x and z-directions and helical wires in the
y-direction, in which the wires are free from external load and
ﬂoating parallel between the face sheets. Note that the helical
radius of the wires is twice that of the helical wires in the ordinary
WBC. The straight-WBC is composed of straight wires only.
For an idealized structure named Cross truss composed of
straight struts, which penetrate each other at joints, the relative
density, equivalent shear strength and equivalent shear modulus
in X-orientation are given as follows;
qrel ¼
3
2
p d
c
 2
 4 d
c
 3
; ð1Þ
scyjplasticyielding ¼
1
2
pro
d
c
 2
; ð2aÞ
scyjelasticbuckling ¼
1
8
p3E d
c
 4
ð2bÞFig. 3. Conﬁgurations of (a) ordinary WBCand
Gc ¼ 1
4
pE
d
c
 2
: ð3Þ
Here, ro, E, c are the yield strength, Young’s modulus of the wires,
and the half pitch, respectively. The second term of Eq. (1) repre-
senting the effect of the volume of the intersections between two
struts penetrating each other increases with the slenderness ratio
deﬁned as d/c. For example, if d/c = 0.05, the second term is only
5% of the ﬁrst term, but, if d/c = 0.2, the second term is 20% of the
ﬁrst term. Note that two different equivalent shear strengths are
deﬁned in Eqs. (2a) and (2b) corresponding to plastic yielding and
elastic buckling of the struts, respectively. Their derivations are
given in our previous articles (Lee et al., 2013b; Lee and Kang,
2009a).
For the ordinary WBC, if the curviness of the struts and the
brazed ﬁller metal are taken into account, the above equations
for Cross truss are modiﬁed as follows;
qrel ¼
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c
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1
2
prw
d
c
 2
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1
8
p3Ew
d
c
 4
; ð5bÞ
Gc ¼ 1
4
pEw
d
c
 2
: ð6Þ
The derivation of Eq. (4) is given in our previous article of WBC
compression (Lee et al., 2013b). In Eq. (5a), rw is the collapse
strength of curved struts, which is calculated by one of the two
ways described in Appendix A. And also, Ew in Eqs. (5b) and (6) is
Young’s modulus of the curved struts, which is calculated by one
of the two ways described in Appendix B. The two ways differ
depending on whether the wires in the third direction (y-direction)
ﬂoating laterally without contacting the face sheets are assumed to
provide constraint against deformation of the struts loaded under
shear, or not. In the former and the latter of the ways, the strut
lengths are taken as c and c/2, respectively. Fig. 4 shows the varia-
tions of the collapse strength of the curved struts, rw, and Young’s
modulus of the curved struts, Ew, according to the slenderness ratio
of the struts, d/c.
For the semi-WBC, the constraint due to the wires ﬂoating
between the face sheets in the y-direction is assumed to be absent,
and the following equations are derived;, (b) semi-WBC, and (c) straight WBC.
Fig. 4. Variations of collapse strength, rw, and Young’s modulus of curved struts, Ew,
according to the slenderness ratio of the struts, d/c.
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Note that Eq. (7) of the relative density is slightly different from
Eq. (4), because the helical wires are used in only one direction of
the three orthogonal directions and its helical radius is double that
of wires used in the ordinary WBC. And also, Eq. (8b) of the equiv-
alent shear strength corresponding to the elastic buckling of the struts
is slightly different from Eq. (5b). Ew is replaced by E because
the wires in the x and z-directions are straight. The constant in
Eq. (8b) is divided by 4 because the helical radius of the wires in
the y-direction is double that of the wires in the ordinary WBC
and the constraint from the y-direction is ignored. Eqs. (8a) and
(9) are the same as Eqs. (2a) and (3) for the idea Cross truss, respec-
tively.Finally, for the straight-WBC, the relative density is given by
qrel ¼
3
2
p d
c
 2
þ 6ð1 p=4Þ  d
c
 3
: ð10ÞThe second term of Eq. (10) representing the effect of the
volume of ﬁller metals brazed at the cross points among wires is
negligible compared to the ﬁrst term representing the volume of
wires. For a typical slenderness ratio d/c = 0.1 which gives
qrel  0:05, the second term is only about 1/40 of the ﬁrst terms.
The two equivalent shear strengths corresponding to plastic yield-
ing and elastic buckling of the struts, and the equivalent shear
modulus are assumed to be given by the exactly same equations
as Eqs. 2a, 2b, and 3, respectively. In fact, under the applied shear
load, the struts in one of the two directions contacting the upper
and lower faces are subjected to the longitudinal compressive
force, while the struts on the other direction are subjected to the
longitudinal tensile force. They almost independently contribute
to resistance of the sandwich panel against the applied shear load.
Hence, the effect of the eccentricity at the joints is neglected. Con-
sequently, all the equations regarding straight-WBC are virtually
the same as those for Cross truss. On contrast, the joints are likely
to be weak due to stress concentration and material defects or
inhomogeneity. Hence, the eccentricity would affect more signiﬁ-
cantly on the strengths. Fortunately, in these experiments shown
below, any failure at the joints between the two loaded directional
struts has never been observed.3. Experiments
3.1. Specimen preparation
The material of the face sheets and the wires used to fabricate
the semi-WBC and straight-WBC specimens was stainless steel,
SUS 304. Welded meshes replaced the helical wires in the x and
z-directions in the ordinary WBC specimens to fabricate the
specimens. That is, instead separate straight wires, the electric-
resistance welded meshes which were commercially available
were used, which signiﬁcantly improved productivity and han-
dling. The diameter of the wires was d = 0.98 or 1.18 mm. The pitch
was ﬁxed as c = 12.7 mm. Fig. 5 depicts the stacking sequence of
multiple meshes in the fabrication of the semi-WBC and straight-
WBC specimens, and their top views. Fig. 6 depicts the schematics
of the assembly processes of the wires in the third direction, i.e.,
the y-direction, for the semi-WBC and straight-WBC specimens
in the left and right columns, respectively. Fig. 6(a) is the overall
views and Fig. 6(b) is the enlarged front views of the squared sec-
tions of Fig. 6(a), showing how the wires in the third direction are
located in the welded meshes. First, the multiple welded meshes
were parallel stacked at a constant interval, c/2. Every second mesh
was shifted by c/2 in each of the two in-plane directions along
which the wires were arranged, as shown in the right column of
Fig. 5. Then, for the semi-WBC, helical wires were screwed into
the multiple layers of the welded meshes in the direction perpen-
dicular to the mesh plane, i.e., the y-direction in Fig. 3, as shown in
the left of Fig. 6(c). For the straight-WBC, straight wires were sim-
ply inserted through the square openings of the multiple layers of
the welded meshes in the y-direction. When an assembly of the
straight-WBC was placed such that the y-axis became parallel to
the horizontal plane, the inserted straight wires were positioned
by themselves as intended due to gravity, and stably supported
by the welded meshes, as shown in the right of Fig. 6(c). The ﬁller
metal and brazing process used to ﬁx the assembly were the same
as those in our previous papers (Lee et al., 2012, 2013a,b).
Namely, the ﬁller metal was applied by spraying an aqueous
powder mixture (Nicobraz 51 BNI-12, Wall Colmonoy Corp.,
USA). Vacuum brazing was carried out for 225 min in an electric
furnace at 104 to 105 torr. During the ﬁrst 90 min, the furnace
was heated from room temperature to 930 C and maintained at
the same temperature for 15 min. Then, the temperature was
Fig. 5. Stacking sequence of multiple meshes and the top views during fabrication of the semi-WBC and straight-WBC specimens.
Fig. 6. Schematics of the assembly processes of the wires in the third direction for the semi-WBC and straight-WBC specimens in the left and right columns, respectively;
(a) overall views, (b) their enlarged front views and (c) 3D schematics showing how the wires in the third direction are located in the welded meshes.
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Finally, the furnace was cooled down to room temperature in
90 min. Two face sheets of 3 mm thick SUS 304 plates were
attached to the top and bottom surfaces of a WBC core by
additional brazing with a paste (Nicobraz LM BNI-2, Wall
Colmonoy Corp., USA).Hence, for the semi-WBC and the straight-WBC, the joints
between the wires in the x and z-directions were ﬁxed twice, i.e.,
ﬁrst by electric resistance welding and then by brazing with the
ﬁller metal.
All the specimens had 4 layers, each with 5  4 cells. The exter-
nal dimensions were 76  54  59 mm in length, height, and
M.-G. Lee, K.-J. Kang / International Journal of Solids and Structures 51 (2014) 4504–4518 4509depth, respectively. The aspect ratio of the length to the height was
1.41.3.2. Shear tests
The electro-hydraulic material test system SATEC TC-55 was
used to carry out the shear tests on theWBC specimens. Shear tests
of the WBC cores were performed similarly to those presented in
the ASTM standard C273. Instead of a single long specimen, two
separate square specimens were mounted at both ends of the jig.
Fig. 7 shows the specimens installed on the jig. The details of
experiments and data acquisition are given in the authors’ previous
article (Lee and Kang, 2013).4. Finite element analysis
As another way to explore the behaviors of the three variations
of WBC under shear, FE analyses were performed using the
commercial code ABAQUS. 15-node quadratic triangular prism ele-
ments were used to make the models of the WBC cores composed
of brazed ﬁller metals and helically formed wires. And 8-node qua-
dratic brick elements were used to make the models of the face
sheets. The brazed ﬁller metals and the helical or straight wires
were separately modeled and then combined to represent the
cores. The material properties of the brazed ﬁller metal were
assumed to be the same as those of the wires. Namely, the yield
strength was ro = 193 MPa, the elastic modulus was E = 200 GPa,
and Poisson’s ratio was m = 0.3. To apply shear force, displacement
in the horizontal direction was given to a middle point of the upperFig. 7. Specimens installed onface sheet, joining all the node points on the face sheet by use of
MPC (multi-point constraint), while the lower face sheet was
totally ﬁxed and any rotations of the upper face sheet were sup-
pressed. Displacement in the vertical direction of the upper face
sheet was unconstrained. FEAs were performed with elastic-
perfectly plastic material properties ﬁrst, and thenwith the realistic
material propertiesmeasured through tension tests for the stainless
wires which were used to fabricate the specimens and heat-treated
under thermal cycle during brazing. The results from the former
were used to validate the analytic solutions, and those from the
latter were used to compare with the experimental results.
Because all the specimens had X-orientation, some struts near
the lateral surfaces carried only small portion of any reaction forces
against the external shear load. Hence, if the aspect ratio of the
length to the height over 2.5, it could have been assumed that only
the struts connected to both the upper and lower face sheets bore
the external load and the effective area of a specimen that supports
an actual load would have been deﬁned (Queheillalt et al., 2007;
Lee et al., 2013a). Namely, if the aspect ratio had been higher than
2.5, the effective length would have been deﬁned as depicted in
Fig. 7, where the wedge-shaped areas on both sides of the speci-
men are regarded to carry no reaction forces. However, because
the aspect ratio of the specimens used in this work was only
1.41, the wedge-shaped areas were too large to ignore the sum
of the small portions of reaction forces acting in the struts in the
areas. Separate series of FEAs have been carried out to identify
the contribution of the wedge-shaped areas in our specimens to
the equivalent shear strengths and moduli of semi- and straight
WBCs. It was found that, if the effective length was deﬁned as
depicted in Fig. 7, the strengths and moduli would be signiﬁcantlythe jig for the shear test.
Fig. 8. Extent of overestimation in equivalent shear strength and modulus due to
the effective length deﬁned as in Fig. 7.
Fig. 9. Variations of the relative densities, rrel, of the three variations of WBC
and Cross truss according to slenderness ratio of the struts composing each
structure, d/c.
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the slenderness ratio of the struts composing the specimens.
Fig. 8 shows the variation of extent of the overestimation in equiv-
alent shear strength and modulus due to the effective length
deﬁned as in Fig. 7. It is seen that both the equivalent shear
strength and modulus are more overestimated for the higher slen-
derness ratio, d/c, and the extent of the overestimation is larger for
the strength than for the modulus. Accordingly, the strengths and
moduli measured from the experiments according to the above
deﬁnition of the effective length were inversely adjusted by the
extent of overestimation shown in Fig. 8. The same adjustment
was also applied to the analysis of FEA results.5. Results and discussion
5.1. Relative density
CAD modeling was performed to investigate the variations of
the relative densities, rrel, of the three variations of WBC and Cross
truss according to the slenderness ratio, d/c. Fig. 9 shows the
results. The relative densities estimated by Eqs. (1), (4), (7) and
(10) are exactly the same as those estimated by the CAD modeling.
Hence, they are omitted in the ﬁgure.
As mentioned above, the cross truss, shown in the insert in
Fig. 9, has the lowest relative density for a given d/c, and the differ-
ence in the density from the others increases with d/c. It is noted
that the semi-WBC has almost the same density as the ordinary
WBC for a given d/c. This is because the wires in the ﬂoating direc-
tion in the semi-WBC had twice the helical radius of the wires
composing the ordinaryWBC, although the wires in the two loaded
directions were straight. Straight WBC had the lowest density
among the three variations of WBC, and the difference in the den-
sities among the three increased with d/c, reaching up to about 6%
at d/c = 0.2. The CADmodeling showed that the relative densities of
the three variations had upper limits due to interference among
the wires; rrel = 0.204, 0.287, and 0.425 for the semi-WBC, straight
WBC, and ordinary WBC, respectively. The upper limits are
indicated by the horizontal lines in Fig. 9. Fig. 10 shows the conﬁg-
urations of the three variations of WBC at their upper limits of
relative densities.
5.2. Equivalent shear strength
In Fig. 11, the curves with scatter indicate the equivalent stress–
strain relations measured from the experiments for the semi- andstraight WBCs specimens under shear loading. And also, the
smooth curves and the horizontal dashed lines indicate the rela-
tions estimated by FEA and the equivalent strengths estimated
by Eq. (2a), respectively. It is seen that the semi-WBC and straight
WBC showed the very similar relations to each other regardless of
d/c. The stress–strain curves measured for both variations of WBC
are located under the curves estimated by FEA. Accordingly, the
measured peak strengths were about 20% lower than those
estimated by FEA. Sharp ticking sound was heard after the peaks
during the experiments, and a few brazed joints were found broken
after each test, but the overall behaviors were not signiﬁcantly
affected, which will be discussed below.
In the ﬁgure, estimations by FEA and the analytic solution for a
lower slenderness ratio, d/c = 0.055, for which the experiment was
not performed, are also plotted. Even for the slenderness ratio,
which gives the relative density around 0.01, the peak stress agrees
well with the analytic solution. This means that the analytic solu-
tion gives fairly good primary estimation of the equivalent shear
strengths of semi- and straight WBCs regardless the breakage of
the brazed joints or the slenderness ratio up to the highest one
mentioned here.
Fig. 12(a) and (b) shows the equivalent stress–strain curves for
the three variations of WBC specimens at two relative densities
under shear loading. The data of the ordinary specimens were cited
from a previous work (Lee and Kang, 2014). Both curves measured
from the experiments (with scatter) and estimated by FEA
(smooth) were included. And also, the equivalent shear strengths
estimated by Eq. (2a) corresponding to the plastic yielding of struts
are plotted as the horizontal lines. In Fig. 12(a) for the lower slen-
derness ratio, the stress–strain curves of the semi- and straight
WBC specimens at d/c = 0.079 are compared with those of
the ordinary WBC specimens at the similar slenderness ratio,
d/c = 0.072. Even if the slight difference in d/c is considered, it is
obvious that the semi- and straight WBCs have higher strengths
than the ordinary WBC. In Fig. 12(b) for the higher slenderness
ratio, the stress–strain curves of the semi- and straight WBC spec-
imens at d/c = 0.094 are compared with those of the ordinary
WBC specimens at the similar slenderness ratio, d/c = 0.096; the
Fig. 10. Conﬁgurations of ordinary WBC, semi-WBC, and straight WBC at their
upper limits of density.
Fig. 11. Equivalent stress–strain curves measured from experiments and estimated
by FEA for the semi- and straight WBCs specimens under shear loading.
Fig. 12. Equivalent stress–strain curves for the three variations of WBC specimens
under shear loading at slenderness ratios of (a) d/c  0.076 and (b) d/c  0.095.
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Fig. 12(a). Namely, the straight struts in the semi- and straight
WBCs increase the strengths substantially, as was expected when
the two variations were invented.
Fig. 13(a) shows variation of equivalent shear strength of the
ordinary WBC according to the slenderness ratio of the struts.
The equivalent strengths measured from the experiments andestimated by FEA were deﬁned as the stress levels at an equivalent
strain, cc = 1.5%. The two dashed lines indicate the equivalent stres-
ses estimated by Eq. (5a), which uses the collapse strength of the
4512 M.-G. Lee, K.-J. Kang / International Journal of Solids and Structures 51 (2014) 4504–4518curved struts, rw, given in the upper part of Fig. 4, instead of the
intrinsic yield strength of the wires, ro. Namely, the two lines cor-
respond to the two values of rw indicated by the two lines in the
upper part of Fig. 4. As mentioned above, they differ depending
on whether or not the wires in the third direction (y-direction)
ﬂoating laterally without contacting to the face sheets are assumed
to provide constraint against the deformation of the struts loaded
under shear. If the wires in the third direction provide full con-
straint against the deformation of the loaded struts, the equivalent
strength is estimated by the upper line. But, if the wires in the third
direction never provide any constraint, it is estimated by the lower
line. The hollow circles in the ﬁgure indicate the equivalent shear
strengths estimated by FEA under the assumption of elastic-per-
fectly-plastic material properties without consideration of material
hardening. They are located between the two dashed lines, but
mostly near the lower line. This means that the strength of the
ordinary WBC with X-orientation under shear loading is not effec-
tively reinforced by the intermediate intersections of the third
directional wires, as was expected when the ordinary WBC was
designed. And this also means that the analytic solution, Eq. (5a)Fig. 13. Variations of the equivalent shear strengths of (a) ordinary WBC and (b)
semi- and straight WBCs according to the slenderness ratio of struts composing
each structure.with the lower rw, provides fairly good estimations of the lower
bound equivalent shear strength of the ordinary WBC. The blind
circles in the ﬁgure indicate the equivalent shear strengths esti-
mated by FEA with consideration of material hardening. The
strengths are very similar to those measured from the experiments
(the red circles), except that the brazed joints were broken in the
specimens with the slenderness ratio higher than d/c = 0.1. They
are signiﬁcantly higher than the strengths estimated for non-
hardening materials, and approach those (the green solid line) esti-
mated by the basic equation, Eq. (2a), derived for the Cross truss
composed of straight struts. This means that the strain hardening
of the stainless steel wires used to fabricate the WBC specimens
were sufﬁcient to offset the strength deterioration due to the
curved struts.
Fig. 13(b) shows variations of the equivalent shear strengths of
the semi- and straight WBCs according to the slenderness ratio.
The solid line and the two dotted lines are the same as in
Fig. 13(a). The hollow triangles and the hollow diamonds in the ﬁg-
ure indicate the equivalent shear strengths of the semi-WBC and
straight WBC, respectively, estimated by FEA under assumption
of elastic perfectly material properties without material hardening
considered. Both of them are a little (10%) lower than the shear
strength estimated by the basic equation, Eq. (2a), derived for the
Cross truss (indicated by the solid line). This means that the
strength of the semi- or straight WBC with X-orientation under
shear loading is almost as high as those expected for the Cross
truss, even without beneﬁt from the material hardening. This also
means that the analytic solution, Eq. (2a) provides fairly good
estimation of the lower bound equivalent shear strength of the
semi- and straight WBCs. The blind triangles and the blind dia-
monds indicate the equivalent shear strengths estimated by FEA
with consideration of material hardening. The strengths are some-
what higher than those measured from the experiments (the red
symbols). Just like those in the ordinary WBCs, the brazed joints
in the semi-WBC and straight WBC specimens are guessed to
break, if the slenderness ratio is higher than d/c = 0.1. Hence, the
two pairs of data calculated by FEA for the higher slenderness
ratios with consideration of material hardening are perhaps over-
estimations; they can be lower than even those estimated by FEA
without consideration of material hardening.
5.3. Equivalent shear modulus
Fig. 14 shows variation of equivalent shear moduli of the ordin-
ary, semi- and straight WBCs according to the slenderness ratio.
First of all, it is noticeable that the shear moduli measured from
the experiments and estimated by FEA agree fairly well with each
other, which validates them. And also, the moduli measured or
estimated for the semi-WBC and straight WBC agree well with
each other. This means that the existence or the shape of the third
directional wires gives virtually no inﬂuence on the moduli of the
semi-WBC and the straight WBC. The green solid line indicates the
equivalent shear moduli estimated by Eq. (3) with the slenderness
ratio of the struts composing those structures. The upper and lower
dashed lines indicate the equivalent stresses estimated by Eq. (6),
which uses the corrected Young’s modulus of curved struts, Ew,
given in Fig. 4(b), instead of the intrinsic Young’s modulus of wires,
E. Namely, the two dashed lines correspond to the two values of Ew
indicated by the two lines in Fig. 4(b), as mentioned above. The
equivalent moduli estimated or measured for the ordinary WBCs
agree well with the lower of two estimations by Eq. (6), whereas
those for the semi-WBC and straight WBC are located between
the upper of the two estimations by Eq. (6) and the estimation
by Eq. (3). Namely, the effect of the straight struts in the loaded
directions in the semi-WBC and straight WBC is remarkable; it
almost double the equivalent shear modulus.
Fig. 14. Variations of the equivalent shear moduli of the ordinary, semi- and
straight WBCs according to the slenderness ratio.
Fig. 15. Deformed shapes of a semi-WBC with d/c = 0.094 due to shear loading.
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Fig. 15 shows the deformed shapes of a semi-WBC specimen
with d/c = 0.094 due to shear loading. The similarity between them
validates the FEA. Although the peak strengths were governed by
the plastic yielding of the loaded struts contacting both the upper
and lower face sheets, the deformed shapes were somewhat differ-
ent from those expected for the failure mechanism, governing the
peak strength. The struts contacting both the upper and lower face
sheets resisted against the external load and yielded under tension
in the x-direction or under compression in the z-direction, and the
deformation of the compressed struts proceeded to the buckling.
On the contrary, the struts in the wedge-like regions around the
two lateral sides were virtually free from external load. Hence,
shear bands were formed along the boundary between the loaded
and the free regions, as indicated by the red and blue colored bands
in the lower of Fig. 15, because the square patterns of the meshes
were easy to shear. The formation of the shear bands can be
regarded to measure a contribution of the wedge-like region to
the strength and modulus of a specimen.
Assuming conservatively that each straight strut in the loaded
directions of semi-WBC or straight WBC is simply supported at
both ends under axial compression, the critical slenderness ratio
for its failure mode to transit from elastic buckling to plastic yield-
ing can be estimated by equating the Euler buckling load to the
plastic yielding load as follows:
p3E
64
d4
l2
¼ prod
2
4d
l
¼ 4
p
ﬃﬃﬃﬃﬃ
ro
E
r
ð11Þ
Let’s assume conservatively again. That is, the strut length is taken
as l = c, ignoring the effect of the constraint from the secondary
intersection in the middle of the loaded struts by the third direc-
tional wires ﬂoating between the face sheets. Eq. (11) with the
material properties of the stainless steel wires, ro = 193 MPa and
E = 200 GPa gives the critical slenderness ratio d/c  0.04, which,in turn, gives the relative density, rrel = 0.0076. Therefore,
semi-WBC or straight WBC never fails by elastic buckling of struts
at relative densities higher than rrel = 0.01. Also the equation for
estimating the equivalent shear strength based on the elastic buck-
ling of struts, Eq (2b) or Eq. (5b), never applies. Contrarily, for textile
cores, elastic buckling of the constituent struts is the operative fail-
ure mode for relative densities less than approximately rrel  0.07.
Hence, textile cores are likely to be vulnerable at relative densities
where honeycombs are usually used.
As shown in Figs. 11–13, the strengths of the semi- and straight
WBC specimens measured from the experiments were always
somewhat lower than those estimated by FEA. Although some
brazed joints in the tested specimens broke, the breakages did
not seem to induce the measured low strengths. The breakages
always occurred at the cross points with the straight or helical
wires inserted in the third direction (y-direction in Fig. 3) after
the peak loads. Contrarily, in the ordinary WBC specimens with
d/c > 0.1, the breakages mainly occurred at the cross points
between the wires in the two loaded directions (x- and z-directions
in Fig. 3) before the peak loads (Lee and Kang, 2013). Fig. 16 shows
two close-up photos on the meshes that were used to fabricate the
semi- or the straight WBC specimens. As shown in the top of the
ﬁgure, the wires in the meshes were not precisely straight, but
were slightly bent near the cross points because of the excessive
compressive force that was applied during the electric resistance
welding. Also, the interval of the meshes varied greatly, as shown
in the bottom of the ﬁgure. In fact, a close-up examination on
the commercially available meshes with d/c = 0.094 (d = 1.18 mm
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from 11.3 mm to 13.9 mm. As seen in the analytic solutions of
the equivalent shear strengths of all the variations of WBC, Eqs.
(2), (5), and (8), the slenderness ratio of the struts, d/c, is the main
parameter governing the strength. Hence, the large scatter in the
interval induced locally weak regions in the specimens, which
seemed to have resulted in the lower strengths. The breakages at
the brazed joints with the third directional wires in the semi- or
straight WBC specimens after the peak loads were caused by the
brittle intermetallics that formed at the brazed joints (Lee and
Kang, 2009b); they could have been prevented by using a more
ductile ﬁller metal.
Figs. 11—13 show that the straight WBC, a realistic version of
Cross truss made using wires has the shear strength and modulus
comparable to those estimated by the analytic solutions, Eqs. (2a)
and (3), which are derived for the ideal Cross truss. However, by
using the wires, the relative density of the straight WBC is higher
than that of the Cross truss by 7–19% in the range of slenderness
considered in this work, d/c = 0.055–0.146, as shown in Fig. 9.
The difference in the relative densities between the two structures
increases with the slenderness ratio, because the difference stems
primarily from the overlapped volume at the intersections of wiresFig. 16. Two close-up photos on meshes used to fabricate semi- or straight WBC
specimens.in the straight WBC. Hence, if the weight (i.e., relative density)
increase is considered, no one can say that a straight WBC is as
strong and stiff as the corresponding Cross truss at a given slender-
ness ratio.
Fig. 17(a) is a collection of equivalent shear strengths of various
wire woven metals developed by the authors’ group (Song et al.,
2011; Lee and Kang, 2011, Lee and Kang, 2013) and typical alumi-
num honeycombs (Bitzer, 1997) according to relative density. For
the sake of comparison regardless of the raw material and density,
the shear strength data were normalized by the yield strengths of
the rawmaterials and the relative densities. In the ﬁgure, the semi-
and straight WBCs with X-orientation have the highest speciﬁc
strengths among the wire-woven metals and slightly higher
strengths than even the honeycombs. Furthermore, all the three
variations of WBCs with X-orientation maintain their strengths at
low densities down to rrel = 0.01. Fig. 17(b) is a collection of equiv-
alent shear moduli according to relative density, where the shear
moduli were normalized by the Young’s moduli of the raw materi-
als and the relative densities. In the ﬁgure, the speciﬁc stiffnesses
of semi- and straight WBC are slightly lower than those of the hon-
eycombs. In summary, these two ﬁgures prove that the semi- and
straight WBCs with X-orientation have equivalent shear strengthsFig. 17. Collections of data of (a) equivalent shear strengths and (b) equivalent
shear moduli of various wire woven metals developed by the authors’ group and
typical aluminum honeycombs at various relative densities.
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range of relative densities, rrel = 0.01–0.05, where honeycombs are
typically used. Moreover, their interior space can be used for an
additional function such as storage or passage of ﬂuid. Further-
more, because the assembly process a least or never relies on the
spin insertion of helical wires by use of pre-welded meshes, the
two variations of WBC, especially the straight WBC, are easy to
fabricate, giving them an important advantage in terms of fabrica-
tion cost. Contrarily, the ordinary WBC revealed somewhat inferior
strength and substantially lower stiffness than the other two
variations. But it has merit for applications such as ﬁlters or heat
dissipation media, which do not need high strength or high modu-
lus, but need high surface area; the ordinary WBC can provide high
surface area because it can be fabricated at high relative densities
up to rrel = 0.4.7. Concluding remarks
In this study, two variations of WBCs, named semi-WBC and
straight-WBC, were introduced. And the strengths and moduli of
the three variations of WBCs including the ordinary WBC with
X-orientation under shear loading were investigated by theory,
experiments, and FEA. The effects of the curviness of the struts
loaded or ﬂoating between the face sheets, and the offset at joints
were evaluated. And the beneﬁts, demerits, and feasibility for prac-
tical applications of the three variations of WBCs were discussed.
The conclusions are as follows;
(i) The two variations of WBCs based on pre-welded meshes
showed better productivity.
(ii) The straight wires arranged in the loaded directions in the
semi- or straight WBC substantially improved both their
equivalent strengths and moduli under shear loading in
comparison to those of the ordinary WBC.
(iii) The analytic solutions derived accounting for the curved
wires and brazed joints provided accurate estimations of
the relative density and shear modulus and the lower
bounds of the shear strengths of the three variations of
WBCs.
(iv) The slightly bent wires near the welded cross points in the
meshes and the uneven interval of the meshes resulted in
some deterioration of strength.
(v) The semi- and straight WBCs had equivalent shear strengths
and moduli comparable to those of typical aluminum honey-
combs, and all the three variations of WBCs maintained their
strengths at low densities down to 1%.
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(2012R1A2A1A01003405).Appendix A. Collapse strength of a helically curved strut
Fig. A1 depicts a unit cell of WBC with X-orientation. Under
shear loading, Q, the wires arranged in the z-direction are sub-
jected to compression, while the wires in the x-direction are sub-
jected to tension. It is presumed that WBC fails by plastic
buckling of the compressed wires rather than by tensile yielding
of the others because of the curviness of the wires. The wires are
modeled in two different ways. Namely, the length of a single strut
between two rigid boundaries is taken as c, ignoring the constraintfrom the wires in the out-of-plane direction, as shown in the upper
right ﬁgures. Or the length is taken as c/2, assuming that the wires
in the out-of-plane direction give perfect constraint, as shown in
the lower right ﬁgures. In both ﬁgures, the struts are projected
on the x–z plane and the y–z plane.
For a strut of length c (the upper model in Fig. A1).
The axial force, Fa, induces bending moments, My in the x–z
plane and Mx in the y–z plane. My is given by
MyðzÞ ¼ Fa C1 cos kzþ C2 sin kz aðJ  1Þ sinpðzþ BÞc
 
; ðA1Þ
Here, C1 and C2 are constants determined by the ﬁxed ends as
follows;
C1 ¼
pJa cos pBc
kc tan kðc2BÞ2
  ; C2 ¼ pJa cos pBckc ;
where k2 ¼ FaEI , and J ¼ k
2
k2 pcð Þ2
. The bending moment, Mx, can be
expressed by simply replacing z with c2 z in the above equation
as follows;
MxðzÞ¼Fa C1cosk c2 z
 
þC2sink c2 z
 
aðJ1Þsinp
c
2 z
 þB 
c
 
ðA2Þ
And also, Fa induces the twisting moment, T, as follows;
T ¼ Ra sinpðzþ BÞ
c
 sinpB
c
 
; ðA3Þ
where R is the shear force expressed by
R ¼ 2a cos
pB
c
ðc  2BÞ Fa: ðA4Þ
Eqs. (A1)–(A4) are quite similar to those given for a strut of WBK.
See the authors’ previous article (Lee et al., 2013b) for the detailed
derivation.
In these equations, all the forces, and moments are expressed as
linear functions of the axial force, Fa. Collapse of a beam subjected
to a bending moment and an axial force can be estimated by Prager
(1959)’s equation as follows;
P
Po
 2
þ M
ML
 
¼ 1; ðA5Þ
where Po and ML are the force when the beam yields under a pure
axial loading and the limit moment when the beam yields with a
perfectly plastic hinge under pure bending, respectively, which
are given by Po ¼ pd24 ro and ML ¼ d
3
6 ro for a beam with a circular
cross section. For the strut under analysis, the collapse is estimated
by substituting P ¼ Fa and an equivalent bending moment deﬁned
by Juvinall and Marshek (2000);
M ¼ 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M2x þM2y
q
þ 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M2x þM2y þ T2
q
: ðA6Þ
As mentioned above, the moments expressed by Eqs. (A1)–(A3)
are linear functions of the axial force, Fa. Hence its critical value,
Fa,cr, at strut collapse can be determined by Eqs. (A5) and (A6).
Because the external shear force, Q, and the axial force, Fa, are
related to each other by
ﬃﬃﬃ
2
p
Fa ¼ Q , the equivalent shear strength
of WBC with X-orientation is determined by dividing Q corre-
sponding to the strut collapse by the area, Aeff ¼ c2ﬃﬃ2p , supported by
the two struts in WBC as follows;
scyjplasticyielding ¼
ﬃﬃﬃ
2
p
Fa;cr
Aeff
¼ 2Fa;cr
c2
: ðA7Þ
If the equivalent shear strength is to be expressed in a form of
Eq. (5a), 12prwðdcÞ
2
, the collapse strength of the strut is given by
rw ¼ 4p
Fa;cr
d2
: ðA8Þ
Fig. A1. Schematic front views of (a) a unit cell in WBC with X-orientation and (b) a single strut.
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With other wires laterally crossing over the wire considered,
the images projected on the x–z and y–z planes are quite similar
to each other. Namely, when a strut of length c/2 is subjected to
an axial force, the geometry and boundary condition on the x–z
plane are the same as those on y–z plane, upon rotation by 180
degree on the plane.
First, the bending moment, My, induced by the axial force, Fa, in
the strut on the x–z plane is derived as follows (see Fig. A2(a)):
With the origin located at the upper end of the brazed joint, the
moment equilibrium on the x–z plane about the origin gives
My ¼ Mo  Fa  mo  Fa  m R  z; ðA9Þ
where vo is the initial deﬂection due to the helical curviness
expressed by
mo ¼ a sinpðBþ zÞc  sin
pB
c
 
: ðA10ÞMo ¼ 
Faa sin Bpc cos k
c
2 2B
  1	 
 2kþ Jkð Þ  Jpc sin k c2 2B  k c2	
k 2 2 cos k c2 2B
 þ k c2 2B  s	
 FaJa cos
Bp
c k 1 k cos k c2 2B
 	 
þ pc sin k c2 2B  k c2 2B	
k 2 2 cos k c2 2B
 þ k c2 2B  sin k c2 2B 	And v is the deﬂection due to the external loading, which is given by
m ¼ Mo
Fa
þ a sinBp
c
 
 R
Fa
zþ Ja sin Bþ z
c
p
 
þ C1 sin kz
þ C2 cos kz; ðA11Þ
where the constants are
C1 ¼ RFak
J
k
 a
c
p cosB
c
p; ðA12Þ
C2 ¼ MoFa  ð1þ JÞa sin
Bp
c
: ðA13Þ
R andMo are the shear force and moment at the boundary, given
by
R ¼  FaaJ
p
kc cos k
c
2 2B
  1	 
 sin k c2 2B    ðsin Bpc þ cos Bpc Þ
1
k 2 k c2 2B
   sin k c2 2B  2 cos k c2 2B 	 
 ;
ðA14Þ2B

þ k2 c2 2B  sin k c2 2B  1þ Jð Þ
in k c2 2B
 


cos k c2 2B
 

 ðA15Þ
Fig. A2. Projected ﬁgures of a strut in WBC; (a) on the zx plane, (b) on the yz plane, and (c) on the xy plane.
M.-G. Lee, K.-J. Kang / International Journal of Solids and Structures 51 (2014) 4504–4518 4517Secondly, because of the geometrical similarity mentioned
above, the bending moment, Mx, induced by the axial force, Fa, in
the strut projected on the y–z plane is given by an equation similar
to Eq. (A9) with the coordinate z replaced by c2 2B z
 
as follows
(see Fig. A2(b));
MxðzÞ ¼ My c2 2B z
 
ðA16Þ
The shear force, R, is the same as that on the x–z plane and given by
Eq. (A14).
Third, ignoring the effect of deﬂection, the moment equilibrium
on the x–y plane about the origin gives (see Fig. A2(c))
T ¼ R  a sinpðBþ zÞ
c
 sinpB
c
þ cospðBþ zÞ
c
 cospB
c
 
ðA17Þ
Eqs. (A9)–(A17) are almost the same as those given for a strut of
WBC with T-orientation under compression. See the authors’ previ-
ous article (Lee et al., 2013a) for the detailed derivation.
As mentioned above, the moments expressed by Eqs. (A9),
(A16) and (A17) are linear functions of the axial force, Fa. Hence
its critical value, Fa,cr, at strut collapse can be determined by Eq.
(A5) via an equivalent bending moment deﬁned by Eq. (A6). The
collapse strength of a helically curved strut is expressed as follows;
rw ¼ 4Fa;cr
pd2
ðA18ÞAppendix B. Young’s modulus of a helically curved strut
Just as in Appendix A, the wires are modeled in two different
ways. First, the length of a single strut between two rigid bound-
aries is taken as c, ignoring the constraint from the wires in the
out-of-plane direction, as shown in the upper right ﬁgures. Second,
the length is taken as c/2, assuming that the wires in the out-of-
plane direction give perfect constraint, as shown in the lower right
ﬁgures. In both ﬁgures, the struts are projected on the x–z plane
and the y–z plane.
For a strut of length c (the upper model in Fig. A1).
According to Castigliano’s second theorem, the displacement, da,
in the axial direction due to Fa acting at the end of a strut is given as
follows;
da ¼ 1AEs
Z c2B
0
Fadzþ 1EsI
Z c2B
0
Mx
@Mx
@Fa
dzþ 1
EsI
Z c2B
0
My
 @My
@Fa
dzþ 1
AGs
Z c2B
0
R
@R
@Fa
dzþ 1
JGs
Z c2B
0
T
@T
@Fa
dz; ðB1Þwhere A ¼ pd24 , I ¼ pd
4
64 , J ¼ pd
4
32 , and Gs is shear modulus of the wire
material. Notice that all the integrals in this equation are taken in
a range from z = 0 to z = c-2B. Because the equations of the forces
and moments given in Appendix A are relatively simple, a closed
form expression for each term of Eq. (B1) can be obtained. Namely,
by substituting Eqs. (A1)–(A4) with moments and shear force,
Eq. (B1) is expressed as the sum of the terms as follows;
da ¼ Termð1Þ þ Termð2Þ þ Termð3Þ þ Termð4Þ þ Termð5Þ; ðB2Þ
Where
Term ð1Þ ¼ 1
AEs
Fa  ðc  2BÞ;
Term ð2Þ¼ Fa
EsI
C23
2
þC
2
4
2
þaðJ1Þ
2
2
 !
ðc2BÞ
"
þC
2
3C24
4k
sin2kðc2BÞaðJ1Þ
2c
4p sin
2pB
c
þC3C4
k
sin2 kðc2BÞ
þ4að1 JÞ2 c
p
cos
pB
c
tan
pB
c
sin
kðc2BÞ
2
kc
p
cos
kðc2BÞ
2
 
 C3 sinkðc2BÞ2 C4 cos
kðc2BÞ
2
 
Term ð3Þ¼ Fa
EsI
1
3
 3
8
 2
 d
4
c2Bþ
C21
2
þC
2
2
2
þa
2ð1 JÞ2
2
( )
ðc2BÞ
"
þC
2
1C22
4k
sin2kðc2BÞþa2ð1 JÞ2 c
2p sin
2pB
c
þ4að1 JÞ2 c
p
cos
pB
c
cos
kðc2BÞ
2
kc
p
tan
pB
c
sin
kðc2BÞ
2
 
 C1 coskðc2BÞ2 þC2 sin
kðc2BÞ
2
 
þ4
k
3
8
 
d2
c2B C1 sinkðc2BÞþC2 coskðc2BÞf g
þ 8
k2
3
8
 
d
c2B
 2
 sinkðc2BÞ
2
C1 sin
kðc2BÞ
2

C2 coskðc2BÞ2

þ4
k
3
8
 
d2
c2B  sin
kðc2BÞ
2
C1 cos
kðc2BÞ
2
þC2 sinkðc2BÞ2
 
;
Term ð4Þ¼ Fa2ð1þmÞ
AEs
4a2 cos2 pBc
c2B 3acos
pB
c
d
c2B
 2
þ 9
32
d4
ðc2BÞ3
( )
;
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22ð1þ mÞ
JEs
2a cos pBc
c  2B 
3
4
d
c  2B
 2( )2
c  2B
2
 3c
2p
sin
2pB
c
þ sin2 pB
c
 ðc  2BÞ
 
:
The terms are the same as those given for a strut of WBK. See
the authors’ previous article (Lee et al., 2013b) for the detailed
derivation.
Notice that da is a linear function of Fa, because all the terms in
Eq. (B2) are linear functions of Fa. Hence, the Young’s modulus of
the helically curved strut itself is given by
Ew ¼ 4p
Fa
d2
c
da
ðB3Þ
For a strut of length c/2 (the lower model in Fig. A1).
da, in the axial direction due to Fa acting at the end of a strut is
given by an equation similar to Eq. (B1) as follows;
da ¼ 1AEs
Z c=22B
0
Fadzþ 1EsI
Z c=22B
0
Mx
@Mx
@Fa
dz
þ 1
EsI
Z c=22B
0
My
@My
@Fa
dzþ 1
AGs
Z c=22B
0
R
@R
@Fa
dz
þ 1
JGs
Z c=22B
0
T
@T
@Fa
dz: ðB4Þ
Notice that all the integrals in this equation are taken in the range
from z = 0 to z = c/2–2B. By substituting Eqs. (A9), (A16), (A17) and
(A14) with moments and shear force, the displacement, da, can be
calculated. Because all the equations are linear functions of Fa, da
is expressed as a linear function of Fa, too. Then, the Young’s
modulus of the helically curved wire, Ew, is simply given by
Ew ¼ re ¼
2
p
Fa
d2
c
da
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